Colossoma macropomum is a resistant species native of Amazonas and Orinoco river basins. It is regarded as the second largest finfish of Solimões and Amazon rivers, representing a major fishery resource in Amazonas and an important species in tropical aquaculture. MicroRNAs are non-coding endogenous riboregulators of nearly 22 nucleotides that play a key role in post-transcriptional gene regulation of several organisms. We analyzed samples of liver and skin from specimens of C. macropomum using next generation sequencing. The dataset was evaluated using computational programs to check the quality of sequences, identification of miRNAs, as well as to evaluate the expression levels of these microRNAs and interaction of target genes. We identified 279 conserved miRNAs, being 257 from liver and 272 from skin, with several miRNAs shared between tissues, with divergence in the number of reads. The strands miR-5p and miR-3p were observed in 72 miRNAs, some of them presenting a higher number of 3p reads. The functional annotation of the most expressed miRNAs resulted in 27 pathways for the liver and skin mainly related to the "biological processes" domain. Based on the identified pathways, we visualized a large gene network, suggesting the regulation of selected miRNA over this interactive dataset. We were able to identify and characterize the expression levels of miRNAs in two tissues of great activity in C. macropomum, which stands out as the beginning of several studies that can be carried out to elucidate the influence of miRNAs in this species and their applicability as biotechnological tools.
Introduction
The microRNAs (miRNAs) are endogenous non-coding riboregulators of about 22 nucleotides that play a key role in the posttranscriptional regulation of genes in several organisms [1] [2] [3] [4] [5] . Each miRNA might have different targets, which are recognized by total or partial complementary ligation at 3′ untranslated region (3′ UTRs) of target mRNA [6] . In the cell, mature miRNAs are produced by a chain reaction modulated by enzymes in which the primary transcript is cleaved in the nucleus giving rise to a stable hairpin/stem-loop structure, named pre-miRNA (miRNA precursor) [7] [8] . In a sequential process, the pre-miRNAs are exported into the cytoplasm and cleaved by RNase III Dicer. As a result, a double-stranded RNA (dsRNA) is formed [9] [10] [11] . The mature miRNA is associated with a protein complex known as RNA-induced silencing complex (RISC) [11] [12] ; the complex miRNA-RISC attaches to the target mRNA in a sequence-specific way leading to interruption of translation or degradation of target mRNA [11, 13] . This activity is dependent on the level of complementarity in the linkage site, the number of sites and accessibility to these linking sites [14] [15] [16] [17] .
The miRNAs have been the target of studies in different organisms [18] [19] [20] , including important fish species such as Salmo salar [21] , Danio rerio [22] , Ictalurus punctatus [23] , Cyprinus carpio [24] and Oncorhynchus mykiss [25] . According to their abundance, might be involved in several cell and development processes. They control biological activities such as cell differentiation and proliferation, apoptosis and protection against viral agents as well as pathological processes like Alzheimer's disease, cardiovascular alterations and cancer [2, 10, [26] [27] [28] . These miRNAs can also influence the normal development of immune response and pathogenesis of chronic inflammatory disturbances [29] . However, the transcription mechanisms of these gene products remain poorly known in many species.
The tambaqui, scientifically known as Colossoma macropomum, belongs to family Serrasalmidae, being native from Amazonas and Orinoco rivers and their tributaries. It is a reophylic and omnivorous fish of high resistance and migratory behavior, which favors high gene flow among hydrographic systems [30] . This species may reach up to 1 m in length and about 30 kg of weight, being the second largest finfish from Solimões and Amazonas rivers and representing a main resource in aquaculture and fisheries along Amazon [31] [32] . Over the last years, several researches have focused on this fish, including hematological, physiological, ecologic, and genetic studies [30, [33] [34] [35] [36] [37] . Nonetheless, little attention has been given to the prospection of biomolecules for biotechnology from this species. Indeed, the genome of this species remains unknown so far and few data are available in relation to functional genomics. Thus, taking into consideration the major role of miRNA as endogenous riboregulators, the goal of this work was to identify and characterize the miRNAs from the liver and skin in the Amazon fish species Colossoma macropomum, as well as to evaluate the expression levels of these microRNAs using next generation sequencing (NGS).
Results
After NGS in the Illumina platform, the liver and skin libraries of C. macropomum presented 87,234,893 reads (48, 185 ,414 sequences in the liver and 39,049,479 in the skin). The size of reads ranged from 0 to 50 base pairs (bp) ( Table S1 ), but only those with 18-24 bp were analyzed once the mean size of mature miRNAs equals 22 nt. Using the software FastQC, it was possible to observe that the miRNAs presented high quality and, in spite of the size variation, most sequences from both tissues had 22 nt ( Fig. 1 ). We point out that the number of reads with 22 nt was higher in the skin (8, 438, 772) than in the liver (4,266,375) of tambaqui.
Identification of miRNAs in the liver and skin of Colossoma macropomum
After screening, 12,331,993 and 13,977,771 sequences were obtained in the liver and the skin, respectively. The mapping of the obtained data against the dataset of mature miRNA in the zebrafish D. rerio (miRBase dataset) allowed the identification of 279 conserved miRNAs for C. macropomum, comprising 21,160,865 reads (Table S2 ). Out of this total, 257 miRNAs (8,547,572 reads) were found in the liver while 272 miRNAs (12,612,302 reads) were detected in the skin of tambaqui. Some miRNAs were specific to each tissue (7 for the liver and 22 for the skin), but they presented extremely low reads counts (b50 reads), except for the skin-specific cma-miR-499-3p (1177 reads), cma-miR-133a-5p (486 reads), cma-miR-133-2-5p (486 reads), and cma-miR-10b-2-3p (95 reads) ( Table S2 ). The let-7 family was the most abundant including 10 miRNA in both tissues.
Most miRNAs were shared between the liver and the skin, but they diverged in their expression level as characterized by the read counts. Thus, the most expressed miRNAs in the liver and the skin were the cma-miR-181a-5p (1,363,163 reads) and cma-miR-10b-5 (3,857,616 reads), respectively. The top 10 miRNAs of each tissue are shown in Fig. 2 , based on normalized values. Highly expressed miRNAs were shared in both liver and skin such as the cma-miR-181a-5p that represented the most expressed miRNA in the liver and the second most expressed miRNA in the skin. This profile was unusual in our dataset since several miRNAs showed differential expression between both tissues (e.g., cma-miR-122 with 364,144 reads in the liver and 1781 reads in the skin and cma-miR-10a-5p with 398,122 reads in the skin and 3112 reads in the liver). It should be highlighted that a same miRNA included several mature sequences that differed in the number of bases (pb) and a few nucleotide substitutions. A relatively high number of miRNAs were represented by b100 reads in each tissue (34.7% in the liver and 31.75% in the skin).
Many miRNAs were characterized by the presence of duplex strands (3p and 5p), totaling 63 miRNAs in the liver and 71 miRNAs in the skin. Some of them also presented a higher number of reads related to the 3p strand (formerly classified as miRNAs*), like cma-miR-107a-3p, cma-miR-130c-3p, cma-miR-221-3p, cma-miR-22a-3p, cma-miR-27b-3p and cma-miR-92a-3p (Table S2 ). Moreover, the 3p strands were the only reads observed for some miRNAs with relatively high levels of expression, such as cma-miR-153c-3p, cma-miR-19c-3p, cma-miR-25-3p, cma-miR-27a-3p, cma-miR-27c-3p, cma-miR-458-3p, cma-miR-725-3p, and cma-miR-92b-3p (Table S2 ).
Functional annotation
Only 10 out of the 279 miRNAs identified in the liver and the skin of tambaqui were selected according to their higher expression levels in each tissue (Tables 1 and 2) as inferred from their number of reads, CPM and LogFC values. The prediction of target genes of the selected miRNAs was determined in the TargetScan platform, using threshold context ++ and score ≤0.2. A single list was obtained for each tissue based on the identified genes targeted by the 10 selected miRNAs. A total of 977 target genes in the liver and 1000 target genes in the skin were submitted to functional annotation in the software DAVID 6.7 via web [38] , allowing the identification of several pathways from GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes) and Interpro databases. To the liver were obtained ten pathways with significant values (p b 0.05), mainly related to biological processes and a single pathway related to molecular function. These pathways corresponded mostly to metabolic processes, as well as cell proliferation, calcium ion transport and carbohydrate kinase activity ( Fig. 3 and Table S3 ). In the skin we identified 17 significant pathways (p b 0.05). From this total, 12 pathways corresponded to biological processes and five were associated with molecular function Even though some pathways were shared between the skin and the liver (cell proliferation, ceramide metabolic process and sphingoid metabolic process), most of signaling pathways in the skin corresponded to regulation of transcription and metabolic processes ( Fig. 4 and Table S4 ).
Based on the results obtained via DAVID using only the KEGG dataset, a large interaction network was observed among the genes and pathways with several target genes within the same pathway or a single target gene associated with more than a single pathway. This result suggests that the selected miRNAs regulate these interactions (Figs. 5 and 6).
Discussion
The microRNAs represent an abundant class of regulatory elements that control a variety of physiologic processes, such as development, differentiation and proliferation of cells [2] . Several studies point out miRNAs as the main elements in regulation of gene expression. Formerly discovered in the nematode C. elegans, these riboregulators were initially regarded as a peculiarity of this species, but nowadays, it is known that they are present in many organisms, playing a key role in gene regulation of invertebrates, vertebrates, plants, fungi and viruses [13] . In fish, the biogenesis, function, and action of these molecules have been analyzed for some species. In a study with the species S. salar were identified 102 miRNAs, the target proteins of these precursors of miRNAs were related to factors such as transcription, signaling, cancer metabolism, stress related activity, growth and development, and cell division [21] .
One of the most important tools to analyze these small non-coding RNAs is the high-throughput sequencing, a widely used method of collecting genomic data [39] with several platforms that might be used in distinct applications, once it assures refined analyses of unknown genomes as well as insights about new activities in previously known genomes. The novel sequencing technology provided by Illumina was used in the present work, which is very useful to evaluate both the expression pattern of miRNAs and the presence of new miRNAs in species without previous reports. The selected species, C. macropomum, is a major resource in Amazon fisheries lacking information about this group of small RNAs. The present methodology allowed identifying the miRNAs in this fish species besides providing information about their expression in each tissue (liver and skin). These tissues were chosen by their high functional activity once the skin is particularly relevant as a defense organ while the liver plays a key role in the metabolism of animals [40] [41] [42] . Most libraries were characterized by inserts of 22 nucleotides for both tissues, consistent with the typical size of miRNAs produced by digestion with Dicer. Wang et al. [43] , Huang et al. [20] and Xu et al. [44] reported similar results inasmuch as most mature sequences presented 22 bp. Other studies, such as those carried out by Liang et al. [19] and Xie et al. [45] reported a higher number of inserts with 21 bp, which are also congruent with the size of miRNAs, ranging from 18 to 24 nucleotides [4] .
In spite of the analyzed tissues shared several miRNAs, specific miRNAs were detected for each tissue, along with differentiated expression levels in both shared and exclusive miRNAs in skin and liver. These results corroborate that most miRNAs are expressed in a tissue-specific manner [46] [47] [48] since most eukaryotic genes are locally expressed with the exception of constitutive genes. Indeed, the expression regulation is spatial once some gene products are required to certain tissues while distinct genes are expressed in different periods as a response to biological signals (e.g. hormones) or environmental stimuli [49] . Thus, the differential expression might be identified within several tissues of a single organism and between species. Ason et al. [50] compared the expression levels of miRNAs among medaka (Oryzias latipes), chicken, zebrafish, and mice, concluding that timing and site of expression in miRNAs as well as miRNA specificity differed for each species. These authors also reported that the expression levels were more differentiated in the most physiologically distinct species.
The let-7 gene family presented the highest number of members. In humans, this family comprises 12 homologous included in the group of tumor suppressor miRNAs [51] . In Salmo salar, Barozai [21] identified 102 mature sequences, distributed into 46 families, being let-7 the most abundant one with 14 members. Barozai [23] also identified 73 novel miRNAs in the species I. punctatus, composed of 45 families, being let-7 the family with the highest number of miRNAs (eight). This family was discovered in the nineties and, similarly to lin-4 (first identified miRNA), it was involved in the abnormal temporal regulation of cell differentiation in C. elegans. These miRNAs repressed the translation of a family of mRNAs that played a major role in the larval development of this nematode [14, [52] [53] . This is one of the most conserved families of miRNAs whose mature forms are found in highly diverse groups such as fish, plants, mice, humans, invertebrates among others.
Both Cma-miR-181a (liver) and Cma-miR-10b (skin) were distinguishable from the remaining miRNAs identified in this work once they presented high levels of expression. Cma-miR-181a was most expressed in liver, but it also presented a significant expression in skin, being higher than that observed in the liver. Using high-throughput sequencing (Solexa/Illumina platform), Xu et al. [44] evaluated 10 tissues of I. punctatus, obtaining 237 conserved miRNAs and 45 novel ones out of a total of 14,919,026 reads, representing 161,288 unique sequences. The most expressed miRNA in this species was ipu-miR-181 with 1,781,434 reads. Some studies about this miRNA in mammals indicate that miR-181 is related to several diseases and immune response. Li et al. [54] , analyzing lymphatic ganglia of mice, observed that high expression levels of miR-181a in mature T-cells increase their sensitivity to peptide antigens, while inhibition of its expression in immature T cell reduces their sensitivity and hinders both positive and negative selection. The miR-122 was among the 10 most expressed miRNA in the liver of tambaqui, being highly divergent in relation to the reads in skin. The miR-122 is a miRNA that is conserved among vertebrate species, regarded as liver-specific miRNA related to the cholesterol metabolism and hepatocellular carcinoma, besides playing a major role in the positive regulation of replication of hepatitis C virus [55] . Henke et al. [56] corroborated the role of miR-122 in the replication of hepatitis C virus (HCV), emphasizing that sequestration of miR-122 in liver cell lines strongly reduces the translation of HCV while its addiction stimulated the virus translation. This miRNA has also been found in the fish S. salar [21] , Hipoglossus hipoglossus [57] and a study with the species O. mykiss corroborate the influence of miR-122 in the liver metabolism [25] . The miR-10 family was highly expressed in the skin, with three members among the 10 overexpressed miRNAs in this tissue. The mir-10 genes are found within the Hox gene clusters [58] [59] . Different mammals with four Hox clusters, fishes exhibit eight Hox clusters, due to duplication of genome recurrent of the teleostean evolution [60] . In Zebrafish are identified seven Hox gene clusters, some of these genes are regulation by miR-10, which interfere in the development of the specie [61] [62] . Hox genes encode transcription factors with similar DNA binding preferences, that are essential for embryonic patterning [59] [60] [61] [62] [63] . We identified the association of miR-10 to the Hox genes (hoxb1a, hoxb3a, hoxb1b, hoxa3a, hoxd10a) which, in the interaction network, has a binding with the signaling pathways related to the transcription processes.
Sequences of star miRNAs (miRNA*), formerly regarded as transitory strands [64] because of their lack of incorporation in the miRISC complex and further degradation, are hardly detected by conventional methods because of their fast replacement. Nevertheless, the highthroughput sequencing allows identifying many of them, revealing their abundance in different organisms [65] [66] . Nowadays, several authors have reported the high frequency of duplex strands of miRNAs, confirming that 3p strands play a distinct role in relation to the sister strand (formerly known as guide strand) regulation distinct targets [65, [67] [68] [69] [70] [71] . Consequently, the former classification of miR/miR* was replaced by the terms "miR-5p" and "miR-3p". Several miR-3p reads were identified in tambaqui, sometimes in higher abundance than their corresponding miR-5p strands. Furthermore, the sister strand could not be identified for some miRNAs. The presence of 72 miR-3p in the skin and liver of tambaqui suggests they have a functional role in the control of gene regulation. However, once the biological activity of these sequences remains poorly understood in several organisms, further studies are required to validate their importance in gene expression.
Functional annotation
The signaling pathways are widespread in animal species, promoting the complex cell-cell communication needed to coordinate the activity of several cells [72] . No pathways related to cell components were identified among the target genes of most expressed miRNAs according to the score and p-values. On the other hand, the category "biological processes" encompassed the highest number of enriched pathways, reflecting the possible activity or regulation of these miRNAs in on the biological diversity of the species.
Common pathways were detected in both tissues such as Cell proliferation, Ceramide metabolic process and sphingoid metabolic process. Nonetheless, the skin showed increased pathway interaction and the highest number of genes associated. This result might be related to the several biological processes that take place in the skin due to their complex structure and cell composition [40, 73] or to the number of genes inserted in the analyze since the liver is a multifunctional organ responsible for distinct processes like detoxification, oxidative defense, synthesis of urea and lipids, metabolism of carbohydrates and amino acids, among others [41] [42] . For liver and skin, it was obtained, respectively, a greater number of pathways associated with metabolic and transcription processes. Both represent important pathways for the development and maintenance of organisms; Since the metabolic processes are associated with the with degradation and synthesis of substances and the processes of transcription allow the formation of the RNA molecule determinant for the protein synthesis [74] .
The complex interaction among miRNAs, target genes and signaling pathways is notorious, indicating that the positive or negative regulation of these endogenous riboregulators might interfere in several processes directly or by cascade effects. In the present study, the networks revealed a representative fraction of this interaction and the putative genes which can be regulated by the selected miRNAs, for skin and liver of C. macropomum.
Conclusions
This is the first report about the identification and characterization of miRNAs in the Amazon fish C. macropomum based on high-throughput sequencing. This approach allowed us identifying a high number of miRNA in this important fish species by analyzing two highly functional tissues (liver and skin). The expression profiles in miRNAs were differentiation within and between tissues, including overexpressed miRNAs and other of significantly low activity. Several miRNAs were shared between the skin and the liver, but, each tissue presented specific miRNAs, corroborating the hypothesis that miRNA follow a tissue-specific expression. This report offers new research opportunities about tambaqui biology and physiology favored by the increased Information about the miRNA functions herein identified.
Methods

Ethics statement
The samples used in this study were collected with the license 12.773-1 provided by the Brazilian environmental agency. Following the ethics guidelines of animal experiments, in accordance with the national standards of the Committee on Ethics in the Use of Animals (CEUA), in accordance with national law n°. 11,794 and the International guidelines defined by U.K. Animals (Scientific Procedures) Act, 1986.
Sample collection, extraction of total RNA and isolation of miRNAs
The samples of C. macropomum were collected in Litiara fish farm in Balbina, Amazonas, comprising six individuals from 20 and 30 cm each and an approximate weight of 400 g. After 24 h of acclimation, the fish were immersed on ice for 30 min and then mielotomy was carried out. Afterwards, fragments of liver and skin were removed from each specimen and stored at − 80°C. The total RNA was isolated using PureLink® RNA Mini Kit (Ambion, Life Technologies, USA) according to the manufacturer's instructions. For each RNA extraction, a pool of samples was formed, being separated by tissue. The amount of the extracted RNA was determined by using a PicoDrop spectrophotometer (Picodrop, United Kingdom) and their integrity was confirmed by electrophoresis in 1.5% agarose gel.
Preparation of samples and sequencing in Illumina platform
The libraries were prepared according to manufacturer's instructions for the TruSeq SBS kit v3, by Illumina Inc. (Illumina, San Diego, CA, USA). The quality and the amount of RNA were determined using Bioanalyzer (Agilent). Afterwards, the samples were sequenced in Illumina high-throughput sequence platform, v. HiSeq2000 (Illumina, San Diego, CA, USA). The workflow comprised three main steps: ligation of 5′ and 3′ adapters; amplification phase; and selection of fragments with nearly 20 nucleotides in polyacrylamide gel 10% (w/v). The sequencing procedures included: number of cycles: 1 × 50 + 7 (multiplex); and HiSeq Flow Cell v3 was used for generating the clusters.
Identification and analysis of conserved miRNAs in C. macropomum
After sequencing the miRNA libraries, the images were converted into sequences using base-calling step. The reads obtained in the Illumina platform were screened as follows: (1) The quality parameters were evaluated using FastQc High Throughput Sequence QC Report Version 0.10.1 (available in: http://www.bioinformatics.babraham.ac.uk/ projects/fastqc) by selection of sequences with scores equal or higher than 30 (Q ≥ 30); (2) the 3′ adapters and sequences composed only by N were removed in FastXToll Kit (http://hannonlab.cshl.edu/ fastx_toolkit/index.html); and (3) the redundant sequences were collapsed to further removal of reads with b18 or N 26 nucleotides (nt) using mapper script in Perl, available in miRDeep2 [75] . Because of the absence of a reference genome for C. macropomum, the remaining reads (18-24 nt) were mapped by comparing with the genome of zebrafish Danio rerio. After pre-processing, the software miRDeep2 with Bowtie v.1.0 was used to generate the read count files and identification of annotated miRNAs based on the database of mature miRNA and hairpins from the miRBase v.21.0 [76] .
Analysis of expression, prediction of miRNA targets and functional annotation
To compare the expression of miRNAs in the skin and the liver of C. macropomum, the read counts provided by miRDeep2 were used in the software EdgeR -Bioconductor [77] . The counts were normalized into counts per million (CPM). The analysis of Log Fold change (LogFC) values was performed for each miRNA using the ration liver/skin.
The identification of the potential target genes of overexpressed miRNAs was performed using the prediction algorithms in TargetScan release 7.1 [78] , based on context ++ model, score ≤0.2. The zebrafish genome was to predict the target genes.
The software DAVID 6.7 [38] was selected to the functional annotation and the enrichment analysis of target genes related to the most expressed miRNAs, divided into three categories: cell component, biological processes and molecular function. Subjected to searches against the D. rerio database to look for known interactions among the genes. The interaction network of target genes and signaling pathways was built in the platform Cytoscape 3.3 [79] . The signaling pathways were selected based on significant p values (b 0.05).
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ygeno.2017.02.001.
